[1] We present results from pore-scale observations of colloid transport in an unsaturated physical micromodel. The experiments were conducted separately using three different sizes of carboxylate polystyrene latex spheres and Bacteriophage MS2 virus. The main focus was to investigate the pore-scale transport processes of colloids as they interact with the air-water interface (AWI) of trapped air bubbles in unsaturated porous media, as well as the release of colloids during imbibition. The colloids travel through the water phase but are attracted to the AWI by either collision or attractive forces and are accumulated at the AWI almost irreversibly, until the dissolution of the air bubble reduces or eliminates the AWI. Once the air bubbles are near the end of the dissolution process, the colloids can be transported by advective liquid flow, as colloidal clusters. The clusters can then attach to other AWI down-gradient or be trapped in pore throats that would have allowed them to pass through individually. We also observed small air bubbles with attached colloids that traveled through the porous medium during the gas dissolution process. We used Derjaguin-Landau-Verwey-Overbeek (DLVO) theory to help explain the observed results. The strength of the force that holds the colloids at the AWI was estimated, assuming that the capillary force is the major force that holds the colloids at the AWI. Our calculations indicate that the forces that hold the colloids at the AWI are larger than the energy barrier between the colloids. Therefore it is quite likely that the clusters of colloids are formed by the colloids attached at the AWI as they move closer at the end of the bubble dissolution process. Coagulation at the AWI may increase the overall filtration for colloids transported through the vadose zone. Just as important, colloids trapped in the AWI might be quite mobile when the air bubbles are released at the end of the dissolution process, resulting in increased breakthrough. These pore-scale mechanisms are likely to play a significant role in the macroscopic transport of colloids in unsaturated porous media.
Introduction
[2] Colloid transport in the subsurface has recently attracted significant attention because it can enhance pollutant mobility [McCarthy and Zachara, 1989] . Besides, colloids themselves could be toxic (e.g., radioactive) or pathogenic (e.g., viruses and other microorganisms). When considering drinking water supply contamination, viruses and other microorganisms are usually the main concern [Macler and Merkle, 2000] . In general, viruses as well as other colloids have to move through the vadose zone before they can reach groundwater. Overall, the transport mechanisms of colloids in saturated porous media have been studied in great detail in various aspects [e.g., Small, 1974; Lance and Gerba, 1984; McDowellboyer et al., preferred sorption interface for colloids [Powelson et al., 1990; Wan and Wilson, 1994b] . The sorption onto the AWI is strong and considered irreversible [Wan and Wilson, 1994b; El-Genk, 1998a, 1998b] . However, under strong interfacial shear stresses caused by fast fluid flow, detachment may occur [Wan and Wilson, 1994b; Corapcioglu and Choi, 1996] . The main forces that control particle sorption on the air-water interface are van der Waals, electrostatic, and solvation forces (attractive hydrophobic forces) [Israelachvili, 1992] . In addition, Wan and Wilson [1994b] hypothesized that there are some additional unknown attractive forces when hydrophobic particles are sorbed on the AWI. They hypothesized that those forces could be capillary forces. Sorption onto the AWI increases with increasing particle hydrophobicity, ionic strength in the solution, and decreasing moisture content and could be limited by the capacity of the interface and the accessibility of the interface to the particles in the solution [Lance and Gerba, 1984; Wan and Wilson, 1994b; Abdel-Fattah and El-Genk, 1998a] . Wan and Wilson [1994a] also showed that AWI movement during drainage, imbibition, or a bubbling process could increase the movement of the colloids down to the deeper vadose zone.
[4] In several mathematical models developed to simulate colloid transport in porous media, the sorption of colloids on to the AWI was assumed irreversible and dependent on moisture content [e.g., Yates and Ouyang, 1992; Corapcioglu and Choi, 1996; Sim and Chrysikopoulos, 2000] . In a mathematical model developed by Corapcioglu and Choi [1996] , the mass transfer of colloids to the AWI was formulated as a second-order kinetics process, assuming no desorption. They found that the total colloidal capture to the AWI is affected by the rate of colloid capture as well as the available fraction of AWI. The model was also used to simulate transient flow conditions with variable saturations, such as during filtration. For this simulation the hydrodynamic dispersion coefficient and the colloidal sorption capacity of the AWI were functions of pore water velocity and air saturation, respectively, and were calculated as the wetting front moves. Both experimental data and model results show that the presence of AWI significantly retards colloid transport. In the experiments, most of the colloid particles were held at the AWI, while the wetting front progresses along the column. In the numerical study by Sim and Chrysikopoulos [2000] , the model simulation indicated that virus sorption is greater at the AWI than liquid solid interface.
[5] The mathematical model developed by Sim and Chrysikopoulos [2000] for virus transport in a one-dimensional, homogeneous, unsaturated porous medium is as follows:
[6] Under unsaturated conditions, the accumulation of particles at the solid-liquid and air-liquid interfaces was hypothesized to be described by the following expressions Chrysikopoulos, 1999, 2000] :
where is C (t, ]. Sim and Chrysikopoulos [2000] described the sorption of colloids onto solid-liquid interfaces as a reversible process (equation (2)), while the sorption of colloids onto liquidair interfaces was described as an irreversible process (equation (3)).
[7] Thus, under unsaturated conditions, colloids were hypothesized to remain irreversibly sorbed at the air-liquid interface due to capillary forces [Wan et al., 1994; Sim and Chrysikopoulos, 2000] . In the transition to a saturated system, we hypothesize that sorption at the AWI becomes reversible as the interface decreases. From our previous experiments with saturated and unsaturated micromodels [Keller et al., 1997; Sirivithayapakorn and Keller, 2003 ], we observed how air bubbles trapped in the pore spaces undergo dissolution as water imbibes into a dry micromodel. We determined that micromodels could be used as an analog for colloid transport processes in the vadose zone, for example, following rainfall infiltration, irrigation, a septic tank leak, or a discharge event. Using the micromodels, we sought to observe desorption of colloids from the AWI during the dissolution of air bubbles.
[8] In this study we investigated the transport process of colloids during the dissolution of the air bubble. We demonstrated how the colloids could mobilize during the infiltration of surface water through the vadose zone. The experiments were set up to investigate, at the pore scale, the mechanisms of transport of three different sizes of carboxylate polystyrene latex spheres and Bacteriophage MS2 virus under unsaturated conditions at different water content levels.
Methods

Experimental Setup
[9] The present experiments were conducted at the pore scale using physical micromodels, based on the experimental setup that has been previously developed and applied by Keller et al. [1997] (Figure 1 ). The physical micromodels used in this study contain a repeated realistic pattern of pore networks with pore diameters ranging from 2.4 to 30 mm (Figure 2 ). The porosity of the micromodel used here has been experimentally determined to be 37°. The surface of SBH 6 -2 the pore network was made of silicon that has been oxidized after etching, leaving a water-wetting surface, approximately 15 mm deep. The etched silicon wafer was then placed between two glass plates. The top glass plate was attached to the silicon wafer using anodic bonding.
[10] Ports were constructed on the top plate to allow independent injection and extraction from different directions. To ensure that the model remains water-wet, carbon dioxide was introduced to displace the air, and then water was injected, which eventually dissolves the carbon dioxide, allowing the wetting fluid to saturate the model completely. This was typically followed by injection of a 10% acetic acid solution into the micromodel for at least 50 pore volumes to produce a hydrophilic surface, similar to most natural clay and sand surfaces [Keller et al., 1997] . The acetic acid was flushed out with dilute-buffered millipore water for at least 100 pore volumes. The dilute-buffered millipore water was used as medium for all experiments. This solution contained 0.012 mM of Na 2 HPO 4 and 0.010 mM of KH 2 PO 4 . The ionic strength of the solution was determined to be 0.04 mM. In all cases, the model was strongly water-wet in the presence of air as observed from the contact angle of water and air with the micromodel [Keller et al., 1997] . The main component of the surface of the micromodel was silica and silicon hydroxides [Keller et al., 1997] . The wetted surface in the micromodel was covered with surface hydroxyl groups; this surface is generally negatively charged at neutral pH [Wan and Wilson, 1994b] .
[11] An industrial microscope (Nikon Optiphot-M) was used to image the micromodel pore space. Epifluorescence microscopy was used to view the fluids and colloids in the pore space. The images were captured with a chargecoupled device (CCD) camera (Sanyo VDC-2972) at a high resolution (1/2-inch CCD color image sensor, 470 line horizontal resolution). A video frame grabber (Integral Technologies Flashpoint) was used to acquire the image by the computer. A digital camera (Sony Digital Handycam) was also connected to the CCD TV system to acquire a video stream of real-time movement of colloid. Flow rate was measured at the inlet, using digital flowmeters (Fischer Scientific Model 1000).
[12] The colloids used in this study were carboxylate polystyrene latex spheres (Sigma-Aldrich), with mean diameter of 3.0, 2.0, 1.0, and 0.05 mm and freeze-dried Bacteriophage MS2 (ATTC). The Bacteriophage MS2 was stained with cyanine-based nucleic acid stain, Yo-Pro-1 {4-[3-methyl-2, 3-dihydro-(benzo-1, 3-oxazole) -2-methylmethyldene] -1 -(3 0 -trimethyl ammoniumpropyl)-quinolinium diiodide} (Molecular Probes). A vial (approximately 1 mL) of freeze-dried Bacteriophage MS2 was rehydrated in 500 mL millipore water before the staining process. The staining procedure followed the approach used by Hennes et al. [1995] . After the staining process, the filter papers that contained the stained Bacteriophage were washed with millipore water to collect the stained particles. The stained particles were later injected into the micromodel.
[13] For each colloidal suspension, including MS2, we prepared three 1-mL samples. To measure the colloid concentration, each sample was gently filtered on a 0.02 mm pore size Al 2 O 3 Anodisc 25 mm membrane filter (Whatman) along with 0.45 mm pore size cellulose nitrate as a backing filter. A direct count method was used to quantify the concentration of colloids and MS2, following Hennes et al. [1995] . The concentrations of colloid suspension were calculated in the range of 10 3 -10 4 particles per milliliter.
[14] Solutions of polyethylene glycol M.W. 8000 (PEG) were prepared with a concentration of 100 g/L, to generate a controlled moisture air phase flow into the micromodel [Holden, 2001] , producing a mosit but unsaturated condition in the initially dry micromodel (Figure 1 ). The water content in the micromodel was calculated by comparing the images of the dry and wet model, using image analysis software (Scion Image). The available air-liquid interface was quantified by measuring it directly from the selected field of view of 600 Â 600 mm. From these experiments, we found that the setup and the technique of image analysis used here can accurately quantify the water content in the selected field of view if it is more than about 10%; below a water content of 10%, the uncertainty in moisture content measurement increases significantly, since water is mostly in thin films and crevices at that point. The available AWI was also measured from the images. No surfactant was added to stabilize the trapped air bubble.
[15] After passing the moist air through the micromodel for 2 days, the moist air was stopped and water with suspended colloids was introduced into the micromodel at a very low flow rate (i.e., with a pressure gradient of less than 1 kPa). Once there were about four to five colloid particles sorbed onto the air-liquid interfaces we were observing, a dilute buffer solution without colloid particles was introduced into the micromodel at the same lowpressure gradient. The buffer solution consisted of K + 0.005, Na + 0.024, H 2 PO4 À 0.005, and HPO4 2À 0.012 mM. The water flow rate was then increased to start the dissolution process of the trapped air bubbles. The pressure on the dilute buffer solution was 133 kPa, resulting in a water flow rate through the micromodel of about 3.2 cm 3 d
À1
, which correspond to average water velocity of 0.9 m d
. Time series of all the dissolution and colloid release events were captured using the microscope's CCD camera.
[16] The images and video streams were taken from selected regions in the micromodel, which include various pore bodies and pore throat sizes. From the repeat pattern in the micromodel, five pore spaces were selected (Figure 2) . The experiments were planned to observe the behavior of colloids when the water content changes. Each pore was observed five times.
Calculation of the Interaction Energy
[17] The interaction between the colloids and AWI at the observed scale depends on forces that act at a short distance. To better understand the behavior of the colloids and the AWI, we calculated the interaction energy W of both colloid-colloid and colloid-AWI using the DerjaguinLandau-Verwey-Overbeek (DLVO) theory of colloid stability [Israelachvili, 1992] . For colloid-colloid interaction in water, W is calculated based on the sum of electrostatic double layer repulsion, V, and van del Waals attraction forces, A vdW , as follows:
where r is the radius of the colloids (m), e is the dielectric constant of water, e 0 is the permittivity in free space
), ψ 0 is the colloid surface potential (V), k is the inverse Debye length (m À1 ), D is the minimum separation distance (m), and A is the Hamaker constant for colloid interacting across water (J).
[18] The inverse Debye length was calculated from the following equation [Shaw, 1992; Israelachvili, 1992] .
where r 1,i is the ion density of species i in the bulk solution
), e is the electronic charge (C), z i is the valency of species i, k is Boltzmann's constant (J K À1 ), and T is the absolute temperature (K).
[19] The value of A for the interaction of polystyrene spheres across water was obtained from Parsegian [1981] , while the value of A for the interactions of MS2 capsid across water and for either latex sphere or MS2 and air bubble across water were calculated from the following equation according to the Lifshitz theory [Israelachvili, 1992] :
where h is Planck's constant (J-s), v e is absorption frequency (s
À1
), e 1 is dielectric constant of colloids, e 2 is dielectric constant of air, n 1 is refractive index of colloid, n 2 is refractive index of water, and n is refractive index of water. In case of interaction of MS2 capsid across water, e 1 is equal to e 2 and n 1 is equal to n 2 .
[20] For the interaction energy between the trapped air bubble and colloids, the double layer repulsion V was calculated based on expression presented by Gregory [1975] , assuming constant charge and linear-superposition as follows:
where R is the average radius of trapped air bubble before the dissolution process and y j is the reduced potential at any
distance from the surface of 1 and 2, or in this case colloids and air bubbles, and was calculated by the following expression:
The values of parameters used in the above calculations are given in Table 1 .
Results and Discussion
[21] The average initial water content of the micromodel was 15% (varing from 11% to 22%). The results from all visual observations are very similar regardless of particle size; therefore we present examples of dissolution sequences for 1 mm latex colloid and MS2 at the AWI in the set of images presented in Figures 3 and 4 , respectively. In both cases, the dissolution of the AWI was slow at the beginning and accelerated toward the end of the dissolution process, as more gas phase surface area (AWI) became available for mass transfer of gas molecules relative to the volume of trapped air. The particles were initially transported by advective liquid flow, with little diffusion across streamlines, given the particle size. There was significant dispersion at larger scales as observed in previous studies [e.g., Sirivithayapakorn and Keller, 2003] . As the particles moved closer to the AWI, they slowed down due to the restricted flow around the air bubble. The colloids migrated to the vicinity of the AWI via advective flow in the streamlines near the bubble or by diffusion. Once the colloids were near the AWI, they were attracted by attractive interactions or through direct collision, and finally attached to the AWI.
[22] Figure 3a starts the sequence with a cluster of colloids attached to the AWI. Additional individual colloids continue to flow by. All of the colloids observed in this sequence become trapped at the same AWI (Figure 3b ). We did not observe any individual colloid detachment from the AWI, and we did not observe any colloid attachment to or detachment from the SWI. As dissolution of the air bubble progresses, colloids attached to the AWI are brought closer and may adhere to each other (Figures 3b -3f ) . Clustering probably occurs when the attached colloids reach the range of primary minimum according to DLVO theory, since the colloids in the cluster do not redisperse in the solution. When the air dissolution process is advanced, the cluster of colloids is transported by the advective flux, as the bubble disappears (Figures 3e -3f ) .
[23] For MS2 at the AWI (Figure 4) , the dissolution sequence of air bubble is similar to that when latex colloids are present at the AWI. In Figure 4 the sequence starts with about six discrete MS2 particles attached to the AWI. Similar to the latex particles in Figure 3 , the MS2 viruses are brought together as the air bubble dissolves, and finally form a cluster and move away with the flow (Figures 4a -4f ) .
[24] Generally, there was no desorption of individual latex colloids or Bacteriophage MS2 from the AWI observed before and during air bubble dissolution. During the dissolution, two mechanisms were observed that can mobilize the colloids. First, if the trapped air bubble is dislodged, as the dissolution process advances and it is no longer held within the pore space, the colloids will move along with the air bubble, trapped at the AWI. Second, only when the dissolution process is very advanced can the colloids trapped at the AWI form a cluster that detaches and moves along with the flow (Figures 3f and 4e) . The colloids around the AWI typically will form only one cluster. Once released, the clusters can attach down-gradient to other air bubbles that have not been dissolved (e.g., Figure 3a) . A large cluster may obstruct the flow down-gradient, as it becomes trapped in a pore throat. In fact, a number of our initial experiments had to be repeated due to pore clogging. [25] The calculation results for the interaction energy between these colloids, according to the DLVO theory, are given in Figure 5 . For the interaction between the colloids used in our experiments, the DLVO forces should be sufficient to describe the interaction of the colloids due mainly to the nature of the surfaces and the size of the colloids [Israelachvili, 1992] . The results suggest that colloids in solution are in a metastable state, in which the separated particles are at a lower energy than the aggregate. Repulsion forces dominate; therefore the system is kineti- cally stable [Hiemenz and Rajagopalan, 1997] . The energy barriers for these colloids are about 3300, 2100, 1000, 54, and 3 kT for 3, 2, 1, and 0.05 mm polystyrene and MS2, respectively (Figures 5a and 5b) , which are in the range of typical DLVO forces and much smaller compared with a hydrogen bond [Israelachvili, 1992] . Considering the calculated energy barriers, the 0.05 mm latex colloids and MS2 will coagulate at a faster rate compared with the other colloids because of their low energy barriers. Nevertheless, we did not observe immediate coagulation of colloids either in the suspension or when trapped at the AWI. The DLVO calculations suggest that the clusters of colloids observed at the AWI before dissolution or at the beginning of the dissolution process are the result of released upstream clusters that are transported downstream, rather than immediate coagulation at the AWI. This is probably particularly the case for larger colloids (2 and 3 mm). The upstream clusters are formed at the end of the dissolution process of the bubbles upstream.
[26] For an asymmetric system, e.g., a system of dissimilar surfaces, such as the surface of colloids and AWI of bubbles in this case, the van der Waals and double layer forces may be attractive or repulsive [Israelachvili, 1992] . Therefore the net DLVO forces may be attractive or repulsive, or the sign and gradient may vary in a complex way as a function of distance [Ducker et al., 1994] . Given that the dielectric constant and the refractive index of air are equal to 1, the calculated Hamaker constant for all sizes of latex colloids interacting with the AWI across water according to equation (6) is negative (À3.50 Â 10 À20 J). Thus the van der Waals interaction would be repulsive. However, the Hamaker constant calculated for MS2 under the same conditions is positive (6.10 Â 10 À20 J). Given the size of the trapped air bubbles in our system, about 50 mm in diameter, the surface potential of the air bubble should be in the range of À100 mV [Usui et al., 1981] , which is larger than both the surface potential of latex colloids or MS2 (Table 1) . After calculating the double-layer interaction energy between colloids or MS2 and the AWI using equations (7) - (9), and combining it with the van der Waals interaction energy, the resulting interaction is repulsive at all separation distances. Thus, according to DLVO theory, it would not be likely to observe colloids readily attaching to the AWI, since attachment is not favorable. It should be noted that according to the calculation presented by AbdelFattah and El-Genk [1998b] , the interaction energy between colloids and the AWI is not necessarily repulsive at all separation distances, but there might be a significant energy barrier to overcome. Given that our solution has very low ionic strength, 0.04 mM, the energy barrier could be at least of the order of 10 3 kT for all colloids.
[27] However, as observed here, as well as by Wan and Wilson [1994b] , the polystyrene latex colloids and MS2 attach strongly to the AWI; the forces accounted for in the DLVO theory alone cannot explain this phenomenon. The strong attraction between these particles and the AWI may be explained by additional non-DLVO forces, i.e., hydrophobic forces, which operate at a longer range and are much stronger than the van der Waals and double layer forces [Israelachvili, 1992] . For example, for the interaction between hydrophilic silica particles and air bubbles, the attraction energy has been estimated to be as high as 0.2 mJ [Ducker et al., 1994] , which is several orders of magnitude higher than common van der Waals and double layer interaction energies calculated by us in the previous paragraphs. Therefore it is quite possible that hydrophobic forces control colloid attachment to the AWI.
[28] It has been theorized that the attached particles could penetrate the bubble surface after contacting the AWI and may adhere to the surface of the bubble by capillary forces [Tchaliovska et al., 1990; Ducker et al., 1994; Wan and Wilson, 1994b] . A detailed explanation of these processes is given by Ducker et al. [1994] . The necessary capillary energy W 0 can be calculated from
where g is the surface tension of water, 72.8 mJ m
À2
, and q is the contact angle, in degrees [Ducker et al., 1994] . The contact angle of a latex particle with water is about 36° [ Wan and Wilson, 1994a] . For MS2, the contact angle is about 40°, estimated from the contact angle of bacteria that have high peptide concentration at the cell wall for the value of contact angle for MS2 [Dufrêne et al., 1997] . The calculated capillary energy across the AWI, assuming an equilibrium contact angle of 36°for latex colloids and 40°f or MS2, would be of the order of 14 and 17 mJ m À2 for the latex colloids and MS2, respectively.
[29] On the basis of these calculations, a colloidal particle held by capillary forces at the point of contact with the AWI will penetrate the AWI. The penetration distance D 0 can be estimated according to Ducker et al. [1994] as follows:
Figure 5. Calculated interaction energy according to the DLVO theory between two colloidal particles based on the condition described in this experiments and the parameters given in Table 1 for (a) 1, 2, and 3 mm colloids and (b) 0.05 mm colloid and MS2.
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[30] The contact surface area of colloids can then be estimated from a flat surface with radius R c as follows:
[31] The overall calculated capillary energy, W cap , and D 0 are reported in Table 2 . D 0 is of the order of nanometers (about 10% of the total diameter of the colloids used in these experiments,). Thus the colloids barely penetrate the AWI, which suggests that water is the main medium between the colloids attached at the AWI. Therefore the calculated energy barrier between colloids in the water and the energy barrier between colloids attached to the AWI should be similar. The values of W cap are about 2 -3 orders of magnitudes higher than the energy barrier calculated from DLVO theory shown in Figure 5a and 5b for the same types of colloids.
[32] The colloidal clusters observed in our experiments, especially those of 2 and 3 mm latex colloids, could be generated either from incomplete dissolution of an air bubble, or from the coagulation of trapped colloids in the AWI, at the end of the dissolution process. Since the visual resolution limits us from observing the colloids at such fine scale, the preceding calculations could be used to estimate whether the colloids at the AWI can coagulate. After the colloids penetrate through the AWI, they remain attached to the AWI, and as the bubble shrinks, the colloids approach each other. In our system (air/water/colloids), the energy that holds the colloids at the AWI is predicted to be significantly larger than the energy barrier between the colloids. Therefore eventually the colloids will form clusters.
[33] Although the W cap is small, in the range of 10 À18 -10 À14 J (Table 2) , we did not observed the detachment of colloids from the AWI in our experiments. The detachment of colloids from the AWI was hypothesized by Wan and Wilson [1994b] and by Corapcioglu and Choi [1996] ; to our knowledge, however, this has not been observed. For our system, lack of detachment of individual colloids could be due to weak interfacial shear stresses, given the slow fluid flow in our system; one would not expect strong shear stresses in porous media.
[34] It should be noted that we did not account for other non-DLVO forces in our analysis, such as repulsive hydration forces, which could be much stronger than the DLVO forces at small distances (nanoscale). Those forces could be monotonically attractive, monotonically repulsive, or oscillatory [Israelachvili, 1992] . Since the value of the Hamaker constant for our system is larger than 10 À21 J (Table 1) , we do not expect the other non-DLVO forces to dominate the adhesion of two colloidal particles in our solution [Israelachvili, 1992] . Furthermore, the observation of clusters of colloids breaking off during the dissolution would be an indicator that the cluster of colloids is a result of coagulation. Since the particles adhering to bubbles may promote bubble coalescence [van der Zon et al., 2002] , the breakoff of the cluster seems to be unlikely.
[35] The coagulation of colloids might occur in a natural groundwater system, following the same mechanisms observed in this study. After coagulation, we do not expect the colloidal clusters to break up. This would provide more filtration of colloids through the vadose zone than predicted from filtration of a single particle, due to the filtration of the clustered colloids. The type of colloids as well as the chemical and physical properties of the surrounding largely determine the stability of colloids in the natural system. Given that the ionic strength of the natural groundwater may be much higher than in our experimental setup, the energy barrier in natural systems would be lower, leading to coagulation, unless the colloids have much higher surface potential than observed here.
[36] In general, the results at the pore scale confirm the previous results obtained from column-scale experiments [Corapcioglu and Choi, 1996] that the AWI is a particle trap and particles will move along the column as the rewetting front advances. Poletika et al. [1995] also found more sorption of MS2 in unsaturated soil in the field-scale experiments than what they expected based on the laboratory sorption experiments. They hypothesized that the difference in field and laboratory sorption may be due to AWI processes in the unsaturated field experiments. The analytical models developed by Sim and Chrysikopoulos [1999] for adsorption and inactivation of virus in unsaturated porous media also suggested that virus removal is significantly enhanced due to the sorption of viruses onto the AWI, which is in general agreement with the results from the present study. The models can be modified to consider detachment of colloids during the imbibition stage, as the air bubbles dissolve.
Conclusion
[37] According to our observations of colloids transport in unsaturated micromodel, we found that the particles attach strongly to the AWI and generally do not detach as long as there is an AWI. Once the air bubbles are near the end of the dissolution process, the colloids tend to form clusters, which are transported with the flow as colloidal clusters. These detached clusters may be trapped in an AWI down-gradient, or may be trapped in small pore throats, modifying the hydrodynamics of the system. When we compared the energy barrier between particles, following DLVO theory, to the forces that hold the colloids at the AWI (mainly capillary forces), the calculation indicates that the attraction energy of the colloids at the AWI is larger than the energy barrier between the colloids. Therefore it is quite likely that the cluster of colloids is formed by the colloids attached at the AWI as they move closer at the end of the bubble dissolution process and pass the energy barrier. We do not expect the colloids in our system to coagulate in solution; however, this might be quite different for other colloids or under different aqueous matrix conditions. Coagulation at the AWI may be a significant mechanism for colloid transport through the vadose zone, increasing their overall filtration. Just as important, colloids trapped in the AWI might be quite mobile when the air bubbles are transported at the end of the dissolution process, resulting in increased breakthrough. These pore-scale mechanisms are likely to play a significant role in the macroscopic transport of colloids in unsaturated porous media.
